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The cyclin-dependent kinase inhibitor protein, p27Kip1, is necessary for the timing of cell cycle withdrawal that precedes
terminal differentiation in oligodendrocytes of the optic nerve. Although p27Kip1 is widely expressed in the developing
entral nervous system, it is not known whether this protein has a similar role in neuronal differentiation. To address this
ssue, we have examined the expression and function of p27Kip1 in the developing retina, a well-characterized part of the
central nervous system. p27Kip1 is expressed in a pattern coincident with the onset of differentiation of most retinal cell
ypes. In vitro analyses show that p27Kip1 accumulation in retinal cells correlates with cell cycle withdrawal and
differentiation, and when overexpressed, p27Kip1 inhibits proliferation of the progenitor cells. Furthermore, the histogenesis
f photoreceptors and Mu¨ller glia is extended in the retina of p27Kip1-deficient mice. Finally, we examined the adult retinal
dysplasia in p27Kip1-deficient mice with cell-type-specific markers. Contrary to previous suggestions that the dysplasia is
aused by excess production of photoreceptors, we suggest that the dysplasia is due to the displacement of reactive Mu¨ller
lia into the layer of photoreceptor outer segments. These results demonstrate that p27Kip1 is part of the molecular
mechanism that controls the decision of multipotent central nervous system progenitors to withdraw from the cell cycle.
Second, postmitotic Mu¨ller glia have a novel and intrinsic requirement for p27Kip1 in maintaining their differentiated
state. © 2000 Academic Press
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nINTRODUCTION
Most of the neurons and glia in the mammalian central
nervous system are generated over a defined period of
development. To ensure that sufficient numbers of progeny
are generated during histogenesis, the balance between
proliferation and differentiation must be tightly regulated.
Similarly, the termination of proliferation at the end of
histogenesis must also be regulated so as not to generate too
many progeny. Therefore, the regulation of cell cycle with-
1 Present address: Department of Ophthalmology, Eccles Insti-
tute of Human Genetics, University of Utah, 15 North 2030 East,
Salt Lake City, Utah 84112.
2 To whom correspondence should be addressed. Fax: (801) 585-
501. E-mail: elevine@hsc.utah.edu.
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All rights of reproduction in any form reserved.rawal in the central nervous system (CNS) is a critical
actor for normal histogenesis.
Little is known about the mechanisms of cell cycle
ithdrawal in the developing CNS. However, recent stud-
es suggest that the cyclin-dependent kinase (CDK) inhibi-
or protein p27Kip1 may have an important function in this
process. p27Kip1 is expressed in several CNS tissues (Lee et
l., 1996; van Lookeren Campagne and Gill, 1998; Wa-
anabe et al., 1998), and knockout mice display hyperplasia
n many tissues that undergo postnatal growth (Fero et al.,
996; Kiyokawa et al., 1996; Nakayama et al., 1996). In
eural tissue, the most detailed analysis of p27Kip1 has been
done in O2-A progenitor cells, a lineage-restricted precursor
population that gives rise to the oligodendrocytes of the
optic nerve (reviewed in Conlon and Raff, 1999; Edlund and
Jessell, 1999). Isolated O2-A progenitors grown in vitro
undergo a predetermined period of proliferation before they
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300 Levine et al.withdraw from the cell cycle and differentiate. Accumula-
tion of p27Kip1 protein in these cells coincides with cell cycle
rrest at the onset of differentiation (Durand et al., 1997;
Friessen et al., 1997; Tikoo et al., 1997), and forced overex-
ression of p27Kip1 blocks proliferation (Tikoo et al., 1998).
Furthermore, p27Kip1-deficient O2-A progenitors undergo
xtra cell divisions in vivo (Casaccia-Bonnefil et al., 1997;
Durand et al., 1998), demonstrating that p27Kip1 is an
important component of the timing mechanism of cell
cycle withdrawal in the generation of glia.
While these studies have convincingly demonstrated the
function of p27Kip1 in cell cycle withdrawal in glial progeni-
ors, there is no direct evidence that neurogenesis in the
NS is regulated by a similar molecular mechanism. To
ddress this, we have examined the expression and function
f this gene in the developing retina during the period when
ultipotent progenitor cells are generating both neurons
nd glia in this region of the CNS.
We found that p27Kip1 is expressed in retinal cells as they
exit the cell cycle and for a few days thereafter. p27Kip1 is
also expressed in Mu¨ller glial cells after cell cycle with-
drawal and in adult animals. When p27Kip1 is overexpressed,
it inhibits proliferation of the retinal progenitor cells in
vitro, and the histogenesis of photoreceptors and Mu¨ller
glia is extended in the retina of p27Kip1-deficient mice. These
data are consistent with the model that p27Kip1 plays a key
ole in regulating the overall duration or number of cell
ivisions of the multipotent progenitor cells in the CNS.
MATERIALS AND METHODS
Tissue Isolation
Embryonic and postnatal animals were obtained from timed
pregnant Sprague–Dawley rats (Simonsen Laboratories, Gilroy,
CA). Neural retina tissue was dissected away from surrounding
ocular tissues in Hanks’ buffered saline solution (HBSS) containing
Hepes. For immunohistochemistry, the tissue was fixed in cold 4%
paraformaldehyde (PFA) in phosphate-buffered saline (pH 7.5; PBS)
for 90 min to 2 h. The tissue was subsequently cryoprotected in
20% sucrose in PBS and frozen in OCT (Sakura Finetek, Torrance,
CA). Twelve-micrometer cryosections were used for all immuno-
histochemical studies.
Immunohistochemistry
The following antibodies were used in this study: (i) mouse
monoclonal anti-Class III b-tubulin (clone Tuj1; Dr. A. Frankfurter,
niversity of Virginia), (ii) mouse monoclonal anti-5-bromo-29-
eoxyuridine (BrdU; clone B44; Becton–Dickinson, San Jose, CA),
iii) affinity-purified rabbit anti-Brn3.0 (Dr. E. Turner, University of
alifornia at San Diego), (iv) affinity-purified anti-Chx10 (Dr. T.
essell, Columbia University, New York), (v) rabbit anti-cellular
etinaldehyde binding protein (CRALBP; Dr. J. Saari, University of
ashington, Seattle), (vi) mouse ascites anti-cellular retinoic acid
inding protein (CRABP; C1; Dr. J. Saari), (vii) mouse monoclonal
nti-cyclin D1 (clone 72-13G; Santa Cruz Biotechnology, Santa
ruz, CA), (viii) mouse monoclonal anti-glial fibrillary acidic
rotein (GFAP; clone G-A-5; Boehringer Mannheim, Indianapolis,
i
n
Copyright © 2000 by Academic Press. All rightN), (ix) protein A-purified rabbit anti-green fluorescent protein
GFP; Clontech, Palo Alto, CA), (x) mouse monoclonal anti-p27Kip1
(clone 57; Transduction Laboratories, Lexington, KY), (xi) mouse
monoclonal anti-proliferating cell nuclear antigen (PCNA; clone
PC10; Dako, Glostrup, Denmark), (xii) protein A-purified rabbit
anti-phosphohistone H3 (Upstate Biotechnology, Lake Placid, NY),
(xiii) affinity-purified rabbit anti-recoverin (Dr. J. Hurley, Univer-
sity of Washington, Seattle). Each antibody was used at an appro-
priate dilution in 2–5% normal goat serum, 0.15–0.3% Triton
X-100, 13 PBS, and 0.02% sodium azide. Primary antibodies were
incubated on cryosections or on glass coverslip cultures either for
2 h at room temperature or overnight at 4°C. Primary antibodies
were followed with species-specific secondary antibodies conju-
gated to FITC, rhodamine, or Cy-3. To visualize all cell nuclei,
4,6-diamidino-2-phenylindole (DAPI) was diluted to 0.5 mg/ml in
H2O and added for 5 min at room temperature. Stained cultures and
ections were analyzed by epifluorescent illumination on a Nikon
icrophot-SA microscope or on a Bio-Rad MRC 600 confocal
icroscope. Images were either digitally captured or photographed
nto Kodak Ektachrome 400-slide film.
To address the specificity of the p27Kip1 antibody, retinal sections
from postnatal day (P) 15 mice that were hemizygous or deficient
for p27Kip1 were incubated with the p27Kip1 antibody. Detection of
positive immunoreactivity was observed only in wild-type Mu¨ller
glia nuclei (Figs. 2G and 2H). Residual staining in the p27Kip1-
deficient retina (Fig. 2H) is due to secondary antibody cross-
reactivity to endothelial cells and is not specific for p27Kip1.
Cell Culture
Dissected retinal tissue from embryonic day (E) 21 rat embryos
was dissociated by incubation in HBSS (without Ca21 and Mg21)
containing 0.025% trypsin for 10 min at 37°C. Trypsin digestion
was stopped by addition of 10% fetal bovine serum (FBS; Life
Technologies–BRL, Grand Island, NY) and cells were pelleted and
resuspended into a single-cell suspension by mild trituration in
growth medium (see below). Cells were plated onto poly-D-lysine-
(Sigma, St. Louis, MO) and Matri-Gel- (Becton–Dickinson, Bedford,
MA) coated glass coverslips in a 24-well plate at an initial density
between 5 and 7 3 105 cells/well. The growth medium contained
DMEM/F12 (without glutamate or aspartate), 25 mg/ml insulin, 100
mg/ml transferrin, 60 mM putrescine, 30 nM selenium, 20 nM
progesterone, 100 U/ml penicillin, 100 mg/ml streptomycin, 50
M Hepes, and 1% FBS. All cultures were grown for 2 days in vitro
DIV) with 10 ng/ml recombinant human epidermal growth factor
EGF; Collaborative Research, Bedford, MA) with a 25% medium
hange containing fresh EGF at 1 DIV. At 48 h, all cultures were
ashed in medium without EGF. Subsequently, half of the cultures
ere fed medium containing 10 ng/ml EGF and the other half were
ed medium lacking EGF. The cultures were grown for an addi-
ional 24 h, fixed with 4% PFA, and processed for immunohisto-
hemistry. For a subset of cultures, 30 mM BrdU was added for the
final 2 h, just prior to fixation. All cultures were maintained at
37°C in 5% CO2.
Quantification of cell numbers. Two counting methods were
sed: (i) percentage total cells and (ii) cells per field. For data scored
s percentage total cells, coverslips were scanned for fields contain-
ng cell densities that were quantifiable by scoring DAPI-stained
uclei (field area 0.058 mm2; mean cell density 3.5 3 103 cells/
s of reproduction in any form reserved.
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301p27Kip1 in Mammalian Retinamm2). These fields were then scored for immunoreactive cells with
he antibodies noted in Tables 1 and 2. The percentage of total cells
s expressed as the number of immunoreactive cells divided by the
umber of DAPI-positive nuclei multiplied by a factor of 100. For
ess abundant cell populations in which percentage total cells could
ot be measured accurately (phosphohistone H3 and recoverin),
ata were scored as cells per field using a large field area (0.363
m2). In this case, a minimum of six random fields per sample
ere scored for immunoreactive cells. All values shown in Tables
and 2 are the means 6 SEM. Statistical significance of the
ifference between conditions (presence or absence of EGF for the
ast 24 h of the culture period) was determined by unpaired t test
sing Statview 4.5.1 (Abacus Concepts, Berkeley, CA).
Transfection
Dissociated retinal cells were pooled from a litter of E21 em-
bryos from the same mating. These cells were grown on Matri-Gel-
coated coverslips in growth medium containing 10 ng/ml EGF and
1% FBS (initial plating density: 5–7 3 105 cells/well). When
ultures were 80–100% confluent (2 DIV), cells were transfected by
article-mediated gene transfer using the PDS-1000 (Bio-Rad, Her-
ules, CA). The specific parameters of transfection were as follows:
100 psi rupture disk, chamber pressure set at 15 in. Hg, coverslips
et at 1 cm off epicenter, and the tissue support tray set at 4 cm
rom the macrocarrier disk. DNA was precipitated onto 1.6-mm Au
articles following the manufacturer’s instructions (Bio-Rad). The
onstructs used were pGFPzeo, which contains eGFP driven by the
MV immediate early promoter (D. Underhill, University of Wash-
ngton, Seattle), and pCS21Kip1, which contains the murine p27Kip1
coding sequence fused to the Myc-epitope tag and driven by the
CMV immediate early promoter in the plasmid backbone pCS21
(plasmid backbone provided by Dr. D. Turner, University of Michi-
gan, Ann Arbor). Immediately following the transfection, coverslip
cultures were placed into fresh medium containing 10 ng/ml EGF
and 30 mM BrdU. Cultures were fixed either 6 or 24 h following
ransfection with 4% PFA and processed for immunohistochem-
stry.
Quantification of cell numbers. Coverslips were scanned for
FP-positive cells. Each GFP-positive cell was then analyzed for
he presence or absence of BrdU immunoreactivity in the nucleus,
nd the data are expressed as the percentage of GFP-positive cells
hat are BrdU positive. A sampling (n) was an individual coverslip.
t the 6-h time point, n 5 4 for both conditions. At the 24-h time
oint, n 5 7 for the pGFPzeo transfection and n 5 8 for the pGFPzeo
and pCS21Kip1 cotransfection. Values are the means for each
condition and error bars correspond to SEM. Statistical significance
of the differences between conditions was determined by ANOVA
post hoc tests (i.e., Bonnferoni/Dunn) in Statview 4.5.1.
In Vivo Analysis in Mice
BrdU incorporation. BrdU was administered by subcutaneous
injection at 30 mg/kg body weight in p27Kip1 littermates. Animals
acrificed at P11 and P21 were injected once on P7, twice per day on
8 and P9, and once on P10. Adult animals (approximate age of 4
onths) were injected using the same regimen of six injections for
d
Copyright © 2000 by Academic Press. All rightdays. Twenty-four hours after the last injection, the adult mice
ere sacrificed. The retinas were dissected away from other ocular
issues and fixed in 4% PFA. Following fixation, the tissue was
ither stored in PBS containing 0.1% sodium azide or immediately
ryoprotected in 20% sucrose and frozen in OCT. Subsequent
mmunohistochemical analyses were done on 12-mm radial cryo-
ections. Animals were genotyped for the p27Kip1 by genomic DNA
CR (Fero et al., 1996).
Quantification of cell types. (i) Retinas from two litters of P15
ups produced from matings of p27Kip1 hemizygous parents were
dissociated into single-cell suspensions and plated onto poly-D-
lysine coverslips. After 1 h, cells were fixed in 4% PFA and
processed for immunohistochemistry. To determine cell-type ra-
tios, total cell numbers were counted by DAPI fluorescence fol-
lowed by the quantitation of specific immunoreactive cells in the
same fields. The sums of the sampled fields were calculated for
each retina, and the data in Fig. 10A are shown as the means of the
percentage of total cell number for the retinas analyzed (6SEM).
The means of the total cell numbers analyzed per retina and the
numbers (n) of retinas analyzed per genotype are as follows:
CRALBP, mean 1185, n 5 6 (1/2) and 3 (2/2); Tuj1, mean 779, n 5
(1/2) and 4 (1/2); recoverin, mean 398, n 5 6 (1/2) and 5 (2/2).
(ii) To determine the numbers of cells per unit area, sections from
two p27Kip1-hemizygous and two p27Kip1-deficient retinas (one per
itter) were analyzed. These data are shown in Fig. 10B as the means
6SEM) of the number of cells per 1600 mm2. For this analysis, each
field was counted as an individual sampling. For CRALBP, n 5 12
(1/2) and 14 (2/2); Chx10, n 5 15 (1/2) and 13 (2/2); Brn3.0, n 5
12 (1/2) and 13 (2/2).
RESULTS
Expression of p27Kip1 during Retinal Development
In the rodent retina, histogenesis occurs during a period
extending from approximately E12 to P7 (Reh, 1991; Sid-
man, 1961; Young, 1985a,b). Although the exact intervals of
cell-type-specific histogenesis are slightly different between
rats and mice, the relative order is conserved. Ganglion
cells, cone photoreceptors, and horizontal cells are the
earliest born cell types. Amacrine cells and rod photorecep-
tors are born next in an interval that includes the embry-
onic and postnatal periods, and bipolar cells and Mu¨ller glia
are almost exclusively born postnatally.
At E13, p27Kip1 was expressed in a subset of cells in the
entral retina (Figs. 1A and 1B). By their positions at the
itreal surface, these first p27Kip1-immunoreactive cells are
ikely to be the earliest born ganglion cells. Some ganglion
ells may express p27Kip1 before they reach the inner retina,
ince positive cells were observed in the progenitor zone
Fig. 1B, arrowhead), but oriented in the direction of the
27Kip1-positive cells already present at the vitreal surface
(Fig. 1B, arrow). At E18, p27Kip1 immunoreactivity in the
ganglion cell layer extends to the retinal periphery (Fig. 1C).
At E21, cells in the ganglion cell layer (GCL) still express
high levels of p27Kip1 (Fig. 1D, *), and two additional
Kip1omains of p27 expression were also present: (i) imme-
diately adjacent to the GCL in the newly forming amacrine
s of reproduction in any form reserved.
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303p27Kip1 in Mammalian Retinacell layer (Fig. 1D, **) and (ii) a broad layer of cells in the
outer retina (Fig. 1D, ***). We compared the pattern of
p27Kip1 immunoreactivity to three markers of differentiated
cells that are present at this stage of development: (i)
recoverin, a Ca21 binding protein expressed in photorecep-
tors; (ii) CRABP, which is expressed in amacrine cells in the
inner nuclear layer (INL) and GCL; and (iii) Brn3.0, a
POU-domain transcription factor expressed in ganglion
cells. Figure 1E shows that the cumulative expression
pattern of all three markers is nearly identical to that of
p27Kip1. We also examined the expression pattern of cyclin
D1, a protein expressed in proliferating progenitors. The
pattern of cyclin D1 (Fig. 1F) is complementary to that of
p27Kip1 (Fig. 1D) and that of differentiated cell types (Fig. 1E).
hese data indicate that p27Kip1 is predominantly expressed
in postmitotic cells.
If p27 was used by cells to exit the cell cycle at the onset
of differentiation, then at least a subset of progenitors
should express p27 in the proliferative zone and/or at the
ventricular surface. Two observations suggest that this is
the case. First, there are p27-positive cells interspersed in
the proliferative zone at E21 (compare Figs. 1D and 1F).
These cells could be progenitors or, alternatively, newly
postmitotic cells migrating to the inner retina, similar to
what was observed at E13 (Fig. 1B, arrowhead). Second, we
double labeled E21 retinal sections with anti-phospho-
histone H3, which specifically labels progenitors at the
ventricular surface, and anti-p27. We found that the major-
ity of the phosphohistone H3-positive cells were negative
for p27. However, we did observe some double-labeled cells,
suggesting that a subset of cells at the ventricular surface
may be progenitors in their last cell cycle (data not shown).
These observations further support the finding that p27
expression correlates with the generation of the retinal cell
types. Furthermore, progenitor cells may upregulate p27
expression in their last cell cycle to become postmitotic at
the start of differentiation.
During postnatal histogenesis, p27Kip1 expression is dy-
namic. At P3 (Fig. 2A), expression is similar to that ob-
served at E21 in that p27Kip1-negative cells still reside in the
iddle tier of the retina. However, the numbers of cells
ositive for p27Kip1 is greatly increased in the forming outer
uclear layer (ONL), consistent with the peak of histogen-
sis of the most abundant retinal cell class, the rod photo-
eceptor. By P5 (Fig. 2B), there is a dramatic shift in p27Kip1
expression caused by a downregulation of p27Kip1 in the
anglion cells, amacrine cells, and photoreceptors and an
pregulation in the cells occupying the middle tier of the
NL. These new p27Kip1-positive cells coincide spatially and
emporally with the last cell classes to form in the rat
etina, bipolar interneurons and the Mu¨ller glia. This ex-
ression pattern resolves to a narrow band of cells in the
NL by P10 (Fig. 2C) and is maintained throughout adult-
ood (Fig. 2F). Double labeling of P15 sections with anti-
27Kip1 and a marker of Mu¨ller glia, anti-CRALBP, shows
Kip1that p27 is exclusively expressed in the Mu¨ller glia (Fig.
2D). In contrast, bipolar interneurons (anti-Chx10 positive)
r
Copyright © 2000 by Academic Press. All rightdo not express p27Kip1 by P15 (Fig. 2E), and similar results
ere obtained in the adult retina (data not shown). Taken
ogether, these results demonstrate that most if not all
ifferentiating retinal cells express p27Kip1 during histogen-
sis, but that expression is transient in all cell classes
xcept the Mu¨ller glia, which express p27Kip1 through adult-
hood. As a demonstration of anti-p27Kip1 specificity, P15
retinal sections from a p27Kip1-hemizygous mouse (Fig. 2G)
and a p27Kip1-deficient mouse (Fig. 2H) were reacted with
nti-p27Kip1. Identical to that observed in the rat, p27Kip1
immunoreactive cells were confined to the middle tier of
the INL, and this expression is absent in the p27Kip1-
deficient retina. Residual staining in Fig. 2H is due to
secondary antibody cross-reactivity to endothelial cells and
is not specific for p27Kip1.
p27Kip1 Is Upregulated in Retinal Progenitors
as They Exit the Cell Cycle
The above immunohistochemical studies show that
p27Kip1 is expressed in a pattern that is coincident with the
time course of histogenesis of retinal neurons and glia. To
determine whether p27Kip1 expression correlates with cell
cycle withdrawal and differentiation of progenitors in re-
sponse to extracellular factors, we examined p27Kip1 expres-
ion in vitro in the presence or absence of the mitogen EGF.
GF (10 ng/ml) was added to dissociated cells from E21 rat
etina grown at high density (see Materials and Methods) on
atri-Gel. After 2 DIV, EGF was removed from one set of
ultures, whereas fresh EGF was added to a matched set of
ultures. Cultures under both conditions were grown for an
dditional 24 h and subsequently fixed for immunohisto-
hemistry. To determine whether EGF removal was suffi-
ient to inhibit proliferation in a population of E21 retinal
rogenitors, cell populations expressing the following
arkers of proliferation were quantified: phosphohistone
3, cyclin D1, and BrdU. We observed a fivefold reduction
n the number of phosphohistone H3-positive cells in the
GF-deprived cultures compared to cultures with continu-
us EGF exposure (Table 1; Figs. 3A and 3B). Consistent
ith the drop in phosphohistone H3-positive cells, the
ercentage of the total cells expressing cyclin D1 decreased
fter EGF removal (Table 1). Finally, cultures were pulsed
ith BrdU for the last 2 h (22–24 h at 3 DIV), and similar to
hosphohistone H3 and cyclin D1, the percentage of BrdU-
ositive cells decreased in EGF-deprived cultures compared
o the cultures with continuous EGF exposure (Table 1).
hese results demonstrate that mitogen withdrawal is
ufficient to initiate cell cycle withdrawal in a population
f E21 retinal progenitors.
To determine whether p27Kip1 expression also increases
during the cell cycle withdrawal that occurs as a conse-
quence of EGF removal, p27Kip1 expression was analyzed in
hese cultures. There was a significant increase in the
opulation of p27Kip1-immunoreactive cells following EGF
Kip1emoval (Table 1; Figs. 3C and 3D), indicating that p27
levels increase as cells are induced to withdraw from the
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304 Levine et al.cell cycle. Treatment of retinal progenitors with EGF not
only stimulates proliferation (Anchan et al., 1991; Lillien
and Cepko, 1992), but also inhibits photoreceptor differen-
tiation while promoting other retinal fates, such as ama-
crine cells and Mu¨ller glia (Anchan and Reh, 1995; Lillien
and Wancio, 1998; Reh, 1992). To determine whether the
progenitors that stopped proliferating in response to EGF
removal underwent differentiation, cultures were analyzed
for antigens expressed in photoreceptors (recoverin), neu-
rons (Hu1 and class III b-tubulin (Tuj1)), and glia (GFAP and
RALBP). Consistent with earlier reports, we found a
pecific increase in photoreceptors following EGF removal
ompared to cultures with continuous EGF treatment
Table 2; Figs. 3E and 3F). We also found that all recoverin-
ositive photoreceptors also expressed p27Kip1 (Fig. 3G),
emonstrating that p27Kip1 expression is abundant in cells
hat are induced to differentiate in response to changes in
heir surrounding environment.
Overexpression of p27Kip1 in EGF-Stimulated
etinal Progenitors Inhibits Proliferation
The p27Kip1 expression pattern in the developing retina
suggests that p27Kip1 may be an intrinsic factor that retinal
progenitors use to withdraw from the cell cycle at the onset
of differentiation. Consistent with this, when EGF-
stimulated progenitors are deprived of mitogen, the popu-
lation of p27Kip1-expressing cells increases in parallel with
cell cycle withdrawal and photoreceptor differentiation.
To determine if p27Kip1 is sufficient to inhibit prolifera-
ion in multipotent progenitors, we used transfection to
orce overexpression of p27Kip1 in retinal cells. We recently
emonstrated that particle-mediated gene transfer, or bio-
istics, is an effective transfection technique in embryonic
etinal explant cultures (Chow et al., 1998). Here, we
dapted the technique for primary cultures of dissociated
etinal cells. The advantages to this approach are similar to
hose of the mitogen-deprivation experiments described
bove, in that the extracellular environment is easily ma-
ipulated, and the effects on specific cellular antigens and
TABLE 1
Effect of EGF Withdrawal on Proliferation
Marker
1EGF
Cells/field % Total cells
Phosphohistone H3 84.17 6 10.17 —
BrdUa — 11.25 6 0.91
Cyclin D1 — 42.49 6 1.39
p27Kip1 — 48.91 6 5.60
a 30 mM BrdU was added to cultures 2 h before fixation.rocesses can be quantified. Figure 4A is an example of a
ulture 6 h after transfection with a construct containing
Copyright © 2000 by Academic Press. All righthe GFP cDNA under the control of the ieCMV promoter
pGFPzeo). As shown, large numbers of cells were trans-
fected, and expression of transfected genes was rapid and
robust; expression was observed as early as 90 min post-
transfection. In addition, cotransfection via biolistics is
highly efficient (Arnold et al., 1994; Chow et al., 1998). The
GFP-expressing cell in Fig. 4C1 was cotransfected with
pGFPzeo and a construct containing p27Kip1 under the control
f the ieCMV promoter (pCS21Kip1). The same field was
mmunostained for p27Kip1 (Fig. 4C2), and the brightest
27Kip1-positive nucleus (arrow) is the cotransfected cell
(Fig. 4C3). By comparison, cells transfected with pGFPzeo
alone (Fig. 4D1) also expressed endogenous p27Kip1 (Fig. 4D2,
rrows), but did not express it at levels observed in the
otransfected cells (Fig. 4D3). Expression of pCS21Kip1-
erived p27Kip1 protein was confirmed using the 9E10 anti-
ody to recognize the Myc-epitope tag fused to the p27Kip1
cDNA sequence in pCS21 (data not shown).
To test whether p27Kip1 is sufficient to inhibit prolifera-
tion, dissociated E21 retinal cells were plated at high
density and grown for 2 DIV in 10 ng/ml EGF. Cultures
were transfected and placed into fresh medium containing
10 ng/ml EGF and 30 mM BrdU and grown for an additional
or 24 h. Transfected cells were identified by GFP fluores-
ence and then analyzed for BrdU immunoreactivity (Figs.
E–4G). The results of this experiment are summarized in
he graph in Fig. 5. At 24 h posttransfection, the percentage
f transfected cells that were BrdU positive was signifi-
antly less in cultures overexpressing p27Kip1 compared to
ultures expressing GFP alone (*P , 0.002). The decrease in
rdU-positive cells in the cultures overexpressing p27Kip1
was apparent by 6 h, but was not significant compared to
the cells expressing GFP alone at the same time point. It is
not likely that p27Kip1 overexpression caused a decrease in
the BrdU-positive population by selective cell death of
progenitor cells. The percentage of BrdU-positive cells in
the p27Kip1-transfected cultures at 24 h did not drop below
the percentage at 6 h (white bars). Second, the transfection
method itself does not interfere with proliferation since the
percentage of BrdU-positive cells in cultures expressing
2EGF
P valueCells/field % Total cells n
15.50 6 2.83 — 2 —
— 7.09 6 0.64 4 ,0.001
— 32.82 6 1.10 4 ,0.002
— 72.97 6 5.90 4 ,0.03n
2
4
4
4GFP alone increased at 24 h compared to 6 h (black bars).
These results suggest that forced expression of p27Kip1 is
s of reproduction in any form reserved.
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aFIG. 3. Cells induce p27Kip1 protein expression as they withdraw from the cell cycle and differentiate into photoreceptors in vitro.
High-density cultures of dissociated retinal cells from E21 embryos were maintained for 3 DIV. Cultures depicted in A, C, and E were grown
in EGF during the entire culture period, whereas cultures in B, D, F, and G were deprived of EGF for the last 24 h. (A and B) Fewer cells
expressed the G2- and M-phase marker phosphohistone H3 in cultures deprived of EGF (B) compared to cultures exposed to EGF for the
entire culture period (A). (C and D) In contrast, the numbers of p27Kip1-positive cells increased in EGF-deprived cultures. All cell nuclei are
tained with DAPI (blue), and p27Kip1-positive cells are pink (red plus blue). (E and F) Similar to p27Kip1, the numbers of cells differentiating
nto recoverin-positive photoreceptors increased in EGF-deprived cultures. (G) All of the recoverin-positive cells observed in culture also
xpressed p27Kip1 (p27Kip1 in red, recoverin in green, p27Kip1 and recoverin colocalized in yellow-orange (red plus green)). Scale bars, 50 mm.
Equivalent magnifications, A and B; C–F; G.
FIG. 4. Transfection of dissociated embryonic retinal cells by particle-mediated gene transfer. Dissociated E21 retinal cells grown in vitro
ere transfected with a construct containing GFP driven by the ieCMV promoter (pGFPzeo) in A, D1–D3, and E or cotransfected with
pGFPzeo and a construct containing p27Kip1 driven by the ieCMV promoter (pCS21Kip1) in C1–C3, F, and G. All transfected cultures were
grown for 2 DIV before transfection and were continuously exposed to EGF throughout the entire culture period. (A) Low-power micrograph
of GFP-expressing cells 6 h posttransfection. Not all cells are transfected as the field is confluent and untransfected cells are not visible.
(B) Bright-field image of a portion of the same field in A showing the density of gold particles (black dots). (C1–C3) Cell cotransfected with
pGFPzeo and pCS21Kip1 expressing GFP (C1) and p27Kip1 (C2), and images merged in C3 generating yellow nucleus (green plus red). Similarly
D1–D3), cells transfected with pGFPzeo expressing GFP (D1) and p27Kip1 (D2), and images merged in D3. In the cotransfected cells, the level
f p27Kip1 protein is higher than that in cells transfected with only pGFPzeo (compare nuclei denoted by arrows in C2 and D2 as well as in
he merged image). Transfection does not affect endogenous p27Kip1 expression. Cells transfected with pGFPzeo (E) or cotransfected with
GFPzeo and pCS21Kip1 (F and G) are BrdU positive (green cells with yellow nuclei; arrows) as well as BrdU negative (green cells without
ellow nuclei; arrowheads). Untransfected cells that are BrdU positive have red nuclei. In C–G, cells were transfected for 24 h. Scale bars
nd equivalent magnifications: 100 mm in A and B; 50 mm in C–G.
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306 Levine et al.sufficient to inhibit proliferation in primary retinal progeni-
tor cells, even in the presence of EGF.
The Normal Period of Histogenesis Is Extended
in Retinas Lacking p27Kip1
Our analysis of p27Kip1 expression and overexpression
ndicates that this protein has a function in the process of
TABLE 2
Effect of EGF Withdrawal on Differentiation
Marker (cell type)
1EGF
Cells/field
Recoverin (photoreceptor) 16.83 6 7.73
Hu1 (neuron) —
Tuj1 (neuron) —
GFAP (glial)a 2.20 6 1.0
a Astrocyte marker; CRALBP-immunoreactive Mu¨ller glia were
FIG. 5. p27Kip1 overexpression is sufficient to inhibit proliferation
in EGF-stimulated retinal progenitor cells in vitro. Dissociated E21
retinal cells were grown in 10 ng/ml EGF for approximately 2 DIV
before transfection. Immediately following transfection, cells were
placed into fresh medium containing 10 ng/ml EGF and 30 mM
rdU. Cultures were grown for an additional 6 or 24 h, fixed, and
tained for GFP and BrdU. Cells that were GFP positive were scored
or BrdU immunoreactivity. At 6 h posttransfection, there was not
significant difference in the percentage of transfected cells that
ere BrdU positive in cultures transfected with pGFPzeo alone
compared to cultures cotransfected with pGFPzeo and pCS21Kip1,
lthough there was a trend toward fewer BrdU-positive cells in the
otransfected cultures. By 24 h posttransfection, there were fewer
rdU-positive cells in the cotransfected cultures compared to
ultures transfected with pGFPzeo alone (*P value , 0.002).
Copyright © 2000 by Academic Press. All rightell cycle withdrawal in retinal progenitors. To directly
ddress whether p27Kip1 is required for cell cycle with-
drawal, we analyzed the retinas of mice lacking the p27Kip1
gene. The progeny of p27Kip1 hemizygous mice were injected
ith BrdU from P7 to P10 and the retinas were processed for
mmunohistochemistry at P11. In wild-type mice, prolifera-
ion in the central retina is complete by P6 (Young, 1985b).
onsistent with this, we did not detect BrdU- or PCNA-
mmunoreactive retinal cells in the central retina of wild-
ype or p27Kip1-hemizygous retinas (Figs. 6A and 6C). How-
ver, in p27Kip1-deficient mice, many BrdU-positive cells
were observed in the INL and the ONL of the central retina
(Fig. 6B). To determine more precisely when proliferation is
finished in the p27Kip1-deficient retina, the expression pat-
terns of PCNA and phosphohistone H3 were analyzed at
P11, P21, and 4 months of age. Positive cells for both
markers were found in the central retina at P11 (Figs. 6D
and 6E), but not at P21 or in the adult. These results show
that p27Kip1 is required for the precise timing of cell cycle
withdrawal at the end of histogenesis, but this requirement
is transient since proliferation ceases by P21, even in the
absence of p27Kip1.
Retroviral-mediated clonal analysis revealed that the
ultipotency of rodent retinal progenitor cells is retained
ate in histogenesis; clones are typically composed of both
eurons and glia (Turner and Cepko, 1987). To determine
hether the progenitor cells that continued to proliferate
ast the normal period in p27Kip1-deficient retinas retained
the potential to give rise to both photoreceptors and Mu¨ller
glia, BrdU-positive cells labeled between P7 and P10 were
analyzed for proteins specific to these cell types. At P11, a
subset of BrdU-labeled cells in the ONL were positive for
recoverin (Fig. 7), indicating that photoreceptor differentia-
tion occurred in some of the late-generated cells. At P21,
two markers of glial cells were analyzed, CRALBP and
GFAP. The distribution of CRALBP-positive Mu¨ller glia
cell bodies was disorganized and similar to the pattern of
BrdU-positive nuclei in the INL. Surprisingly, a significant
subset of Mu¨ller glia was also positive for GFAP (Figs.
8A1–8A3), which is normally expressed in these cells in
response to stress or injury (Humphrey et al., 1997 and
2EGF
otal cells Cells/field % Total cells
— 57.83 6 9.59 —
91 6 0.63 — 12.86 6 0.94
07 6 0.85 — 18.95 6 3.63
— — 3.00 6 1.51
bserved under either condition.% T
9.
14.references therein). The GFAP-positive Mu¨ller glia were
also BrdU positive (Figs. 8B1–8B3).
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307p27Kip1 in Mammalian RetinaIn 4-month-old p27Kip1-deficient mice, Mu¨ller glia still
FIG. 6. Proliferation is extended beyond the normal period of
histogenesis in retinas lacking p27Kip1. Littermates produced from a
cross between p27Kip1-hemizygous parents were injected with BrdU
between P7 and P10 and analyzed for the presence of proliferating
cells at P11. (A) BrdU-positive cells were not detected in the central
retina of P27 hemizygous animals (1/2). In contrast, (B) the INL
and ONL of the central retina of p27Kip1-deficient mice (2/2)
contained several BrdU-positive cells. (C) Consistent with the lack
of BrdU-positive cells in the p27Kip1-hemizygous central retina, no
CNA-positive cells were found, whereas in the central retina of
27Kip1-deficient mice, many PCNA-positive cells were observed
D). (E) In addition to BrdU- and PCNA-positive cells, mitotic cells
ere found in p27Kip1-deficient retinas as indicated by phosphohis-
one H3 immunoreactivity (arrow). Scale bar, 50 mm for all.xpressed GFAP. We also observed several glial aggregates
n the ONL and outer segment layer of the photoreceptors.
Copyright © 2000 by Academic Press. All rightn example is shown in Fig. 9. Intense GFAP staining was
ound in the outer segment layer with filaments extending
hrough the thickness of the retina (Fig. 9A). In the same
egion of GFAP staining, the photoreceptor outer segment
ayer was disrupted as evidenced by the lack of recoverin
taining (arrow in Fig. 9B). Figure 9C demonstrates that the
FAP-positive Mu¨ller glia fill the void of recoverin stain-
ng. This disruption appears to be due to the active migra-
ion of Mu¨ller glia nuclei from the INL to the outer edge of
he retina (Fig. 9D). Since BrdU or PCNA immunoreactivi-
ies were not observed in these cells, it is not clear whether
his glial pathology is due to proliferation or aggregation of
reexisting glia from the INL.
To address whether p27Kip1 affects the balance of the
retinal cell classes produced during histogenesis, we ana-
lyzed P15 retinas from the progeny of p27Kip1-hemizygous
arents. Interestingly, we found no change in the ratios of
u¨ller glia, Tuj1-positive neurons, or recoverin-positive
hotoreceptors in p27Kip1-deficient retinas compared to
p27Kip1-hemizygous retinas (Fig. 10A). Similar results were
obtained when the numbers of Mu¨ller glia, Chx10-positive
bipolar interneurons, or Brn3.0-positive retinal ganglion
cells were analyzed in sections (Fig. 10B).
DISCUSSION
In this report, we show that p27Kip1 is an essential com-
ponent of cell cycle withdrawal during retinal histogenesis.
The developmental expression pattern of p27Kip1 corre-
sponds closely to the generation of several retinal classes. In
vitro, p27Kip1 expression is upregulated as cells undergo cell
ycle arrest and begin terminal differentiation in response
o environmental factors. The overexpression of p27Kip1 in
rogenitor cells is sufficient to block proliferation, even in
he presence of a mitogen. In p27Kip1-knockout mice, the
eriod of retinal histogenesis is extended for several days,
nd the progenitor cells continue to generate neurons and
lia. In addition to the function of p27Kip1 in cell cycle
withdrawal, we have also found that mature Mu¨ller glia
have a unique requirement for maintained p27Kip1 expres-
sion; in the absence of p27Kip1, these cells become reactive
and form small aggregates. Thus, p27Kip1 satisfies several
criteria for being an important factor for regulating cell
cycle control in multipotent retinal progenitors.
p27Kip1 Protein Expression in the Retina
We found that p27Kip1 is expressed in the rodent retina
uring development and in the adult. At the onset of retinal
istogenesis, p27Kip1 is abundantly expressed in a patch of
cells in the central retina and their location is consistent
with the generation of the first postmitotic ganglion cells.
As development proceeds, the central-to-peripheral expan-
sion of p27Kip1 expression in the inner retina is coincident
with the ganglion cell genesis and the formation of the RGC
layer. Similarly, the temporal pattern of p27Kip1 expression
s of reproduction in any form reserved.
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309p27Kip1 in Mammalian Retinaat other laminar positions of the retina and its coexpression
with cell-type-specific markers demonstrate that p27Kip1 is
xpressed in newly postmitotic and differentiating ganglion
ells, amacrine cells, photoreceptors, and Mu¨ller glia.
27Kip1 expression is transient in all neuronal cell types;
owever, expression is maintained in mature Mu¨ller glia.
he pattern of p27Kip1 expression in the retina is analogous
to that reported for the organ of Corti (Chen and Segil, 1999;
Lowenheim et al., 1999). In the organ of Corti, p27Kip1
expression is transient in differentiating hair cells and
persistent in the support cells, a cell class analogous to the
Mu¨ller glia in the retina. The related CDK-inhibitor pro-
teins in Caenorhabditis elegans and Drosophila, cki-1 and
dacapo, respectively, are expressed in a fashion similar to
that of p27Kip1 in several cell lineages during embryogenesis
de Nooij et al., 1996; Hong et al., 1998; Lane et al., 1996).
hus, CDK-inhibitor protein expression at the onset of
ellular differentiation is conserved.
The p27Kip1 expression that we observed in mature Mu¨ller
lia does not agree with the findings of Nakayama and
olleagues (1996). They reported that p27Kip1 is expressed in
mature photoreceptors in the adult mouse retina. We did
not find any p27Kip1 immunoreactivity in these cells in the
dult mouse or rat retina. This discrepancy could be due to
ifferences in tissue fixation methods, which may lead to
ariations in the accessibility of antigen to the antibody.
e believe that the p27Kip1 immunoreactivity we observed
s specific for p27Kip1 protein and that the expression in
ature Mu¨ller glia is correct for the following reasons.
irst, p27Kip1 immunoreactivity is localized to the nuclei in
Mu¨ller glia; this nuclear localization is consistent with the
staining patterns we observed in other retinal cells and with
other reports (Lowenheim et al., 1999). Second, we did not
observe p27Kip1 immunoreactivity in the Mu¨ller glia from
27Kip1-deficient mice. Third, the p27Kip1 mRNA pattern in
the E15.5 mouse lens (Zhang et al., 1998) was consistent
with the staining pattern we observed for p27Kip1 protein
xpression in the rat lens at a similar stage of development
Fig. 1C). Finally, given the glial phenotype of the p27Kip1-
FIG. 7. Photoreceptors are derived from late-dividing progenito
p27Kip1-deficient retina that was BrdU injected from P7 to P10 an
rimarily to the ONL. (B and E) BrdU-positive cells are localized to
rdU-positive cells are recoverin positive (arrows). Because recover
o not produce a yellow color. Note that the intense recoverin stain
rdU-stained nucleus (arrow in E). For comparison, cells that are Brd
mm for all.
IG. 8. Mu¨ller glia are reactive and are derived from late-dividi
27Kip1-deficient retina at P21 reacted with antibodies against GFA
f A1 and A2). CRALBP-positive nuclei (arrows) are surrounde
olocalization with CRALBP. GFAP is expressed in Mu¨ller glia onl
hat was injected with BrdU on P7–P10 and analyzed at P21 for GFA
mage of B1 and B2. GFAP-positive Mu¨ller glia (filaments denote
onnuclear immunoreactivity in B2 is due to cross-reactivity of the sec
50 mm in B1–B3.
Copyright © 2000 by Academic Press. All rightnockout retina, it is most likely that p27Kip1 has an
ntrinsic requirement in the Mu¨ller glia.
p27Kip1 Expression Is Responsive to the Extracellular
nvironment and High Levels of p27Kip1 Are
Sufficient to Block Proliferation
Retinal cell ablation experiments in fish and frogs dem-
onstrated that the microenvironment is a critical factor for
proper histogenesis (see Reh, 1987). This was further sub-
stantiated by heterochronic culture experiments, and since
then, significant progress has been made, primarily through
in vitro approaches, on the identification of extracellular
molecules that influence retinal progenitor proliferation
and differentiation (reviewed in Reh and Levine, 1998). For
this study, we took advantage of the mitogenic property of
EGF on late embryonic retinal progenitors grown in a
dissociated cell culture system (Anchan et al., 1991; Lillien
and Cepko, 1992). In primary retinal cultures stimulated
with EGF, acute withdrawal of EGF led to decreased prolif-
eration of progenitors and increased differentiation of pho-
toreceptors. The increase in cells expressing p27Kip1 and its
colocalization to recoverin-positive cells suggest that
p27Kip1 may mediate cell cycle arrest during the onset of
differentiation in photoreceptors. Forced overexpression of
p27Kip1 in retinal progenitors, cultured in the presence of
GF, was sufficient to block proliferation, demonstrating
hat progenitor cells are responsive to the levels of p27Kip1
protein. Consistent with this finding, targeted overexpres-
sion of dacapo in the Drosophila eye is sufficient to cause a
oughened phenotype caused by premature depletion of
rogenitor cells (de Nooij et al., 1996), and overexpression
n the embryonic epidermis caused early G1 arrest (Lane et
l., 1996). In C. elegans, cki-1 overexpression is sufficient to
ause premature cell cycle withdrawal in embryos (Hong et
l., 1998).
One caveat to the interpretation that p27Kip1 overexpres-
sion is sufficient to inhibit proliferation in retinal progeni-
tors is that BrdU was incorporated into a fraction of pro-
p27Kip1-deficient mice. Confocal images of a radial section of
alyzed at P11. (A and D) Cells expressing recoverin are confined
ONL and INL. (C) Merge of A and B; (F) merge of D and E. Several
d BrdU localize to different cellular compartments, merged images
n the cytoplasm (tip of arrow in D) corresponds to the shape of the
sitive and recoverin negative are denoted by arrowheads. Scale bar,
ogenitors in p27Kip1-deficient mice. (A1–A3) Confocal image of a
1) and CRALBP (A2). Colocalized expression is yellow (A3, merge
GFAP-positive processes (arrowheads). Several processes show
en they are reactive. (B1–B3) Retina from a p27Kip1-deficient animal
munoreactivity (B1) and BrdU incorporation (B2). B3 is the merged
arrowheads) are also positive for BrdU in their nuclei (arrows).rs in
d an
the
in an
ing i
U po
ng pr
P (A
d by
y wh
P im
d byondary antibody used to detect BrdU. Scale bars, 10 mm in A1–A3,
s of reproduction in any form reserved.
4(
s
p
o
e issue
I tinal
310 Levine et al.genitor cells transfected with the p27Kip1 construct (Figs. 4F,
G, and 5). Similarly, overexpression of a p27Kip1-related
Xic1
FIG. 9. Spontaneous glial aggregates arise in p27Kip1-deficient adul
A) Intense GFAP immunoreactivity is found in the ONL and oute
egment layer (arrow) shows disruption of photoreceptor organizati
ositive and fill the gap of recoverin staining in the photoreceptor o
uter segment region (arrowhead), and there is a gap of DAPI-sta
ctopic nuclei. (E) Phase-contrast image showing protrusion of t
nterspersed with this tissue are several cells from the adjacent remolecule, p27 , in Xenopus retinal progenitors was also
sufficient to block proliferation, but not completely b
Copyright © 2000 by Academic Press. All right(Ohnuma et al., 1999). One possibility is that BrdU was
incorporated into the progenitor cells before sufficient lev-
Kip1 Xic1
na. Example of a glial aggregate in an adult p27Kip1-deficient retina.
ment layer (arrows). (B) Absence of recoverin staining in the outer
) Merge of A and B. The cells stained with GFAP are not recoverin
segment layer. (D) Nuclei as visualized by DAPI protrude into the
photoreceptor nuclei in the ONL (arrow) immediately below the
extending past the photoreceptor outer segments (large arrow).
pigmented epithelium (small arrows). Scale bar, 25 mm for all.t reti
r seg
on. (C
uter
inedels of p27 or p27 accumulated in these cells. A second,
ut not mutually exclusive, possibility is that p27Kip1and
s of reproduction in any form reserved.
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311p27Kip1 in Mammalian Retinap27Xic1 may not block proliferation in a subset of retinal
rogenitors due to intrinsic differences among progenitor
ells.
Loss of p27Kip1 Interferes with the Timing of Cell
Cycle Withdrawal in Late Stage Progenitors
We observed that the period of histogenesis was extended
in p27Kip1-deficient retinas. Proliferating retinal progenitors
ere present after histogenesis had ceased in the wild-type
nd hemizygous retinas. Proliferation was extended tran-
iently since proliferating progenitors were not detectable
y P21. This suggests that the requirement for p27Kip1 may
be to determine the precise timing of cell cycle withdrawal
in CNS progenitors. Several observations of p27Kip1 function
in the CNS and associated tissues support this possibility.
At birth, brain mass in p27Kip1-deficient mice was similar to
that in hemizygous and wild-type littermates. In the weeks
following birth, p27Kip1-deficient brains increased approxi-
mately 20% in mass compared to those of wild-type litter-
mates, with upward of 30% increases in cell number in the
cerebral cortex, hippocampus, and habenular nucleus (Fero
Kip1
FIG. 10. The balance of retinal cell types is unaffected in the
p27-deficient retina. (A) The ratios of Mu¨ller glia (CRALBP), class
III b-tubulin-expressing neurons (Tuj1), and photoreceptors (recov-
erin) are unchanged in the p27-deficient retina compared to the
p27-hemizygous retina. (B) Similarly, the number of Mu¨ller glia
(CRALBP), bipolar interneurons (Chx10), and retinal ganglion cells
(Brn3.0) in situ does not change in the p27-deficient retina.et al., 1996). O2-A progenitors from p27 -deficient optic
nerves underwent one to two extra rounds of division before
C
p
Copyright © 2000 by Academic Press. All righterminal cell cycle withdrawal (Casaccia-Bonnefil et al.,
997; Durand et al., 1998), and histogenesis was disrupted
y delayed termination of proliferation in the organ of Corti
Chen and Segil, 1999; Lowenheim et al., 1999). In fact, this
ay reflect a conserved requirement of p27Kip1-like activity
in animals that express the functional equivalent of p27Kip1
during development. In Drosophila, dacapo mutants failed
to arrest epidermal cells at the appropriate time, leading to
one or two extra rounds of division (de Nooij et al., 1996;
Lane et al., 1996). Similarly, inactivation of cki-1 by RNA
interference in C. elegans produced ectopic cell divisions in
several lineages, but did not result in unregulated growth
(Hong et al., 1998). We do not know if the absolute numbers
of retinal cells are increased in the p27Kip1-deficient retina.
However, our observations would suggest that a dramatic
increase in absolute cell number is not likely. Interestingly,
this is in contrast to that observed in overexpression experi-
ments of the homeobox gene XOptx2 in Xenopus (Zuber et
l., 1999) which produced a specific and dramatic expansion
n retinal cell number.
As stated in the previous sections, p27Kip1 is expressed in
differentiating retinal cells during embryonic and postnatal
histogenesis. Furthermore, p27Kip1 is sufficient to block
proliferation in late embryonic progenitors, and expression
in vitro is correlated with cell cycle withdrawal and differ-
entiation. However, the majority of histogenesis was not
severely disrupted in p27Kip1-deficient retinas. This suggests
hat p27Kip1 is not required for cell cycle control during most
f histogenesis. Several explanations could account for this.
irst, other CDK-inhibitor proteins could compensate for
he lack of p27Kip1. Compensatory mechanisms of CDK-
nhibitor proteins have already been reported in lens, lung,
nd muscle development (Zhang et al., 1998, 1999) and for
he regulation of cyclin D1-mediated CDK 4 activity in
ouse embryonic fibroblasts (Cheng et al., 1999). Second,
ntimitogenic signals might mediate cell cycle withdrawal
y downregulating cyclin D1 expression. Alternatively,
ecreased exposure to mitogens could downregulate cyclin
1. Consistent with this, we found that cyclin D1 expres-
ion decreased concomitantly with the decrease in prolif-
ration that was promoted by decreased concentrations of
GF in vitro. Thus, the balance of mitogenic factors versus
ifferentiation factors may combine to downregulate cyclin
1, thereby promoting cell cycle withdrawal at the onset of
ifferentiation in the retinal progenitors of p27Kip1-deficient
ice. It is also possible that the G1 CDKs or Rb family
roteins are regulated independent of interactions with
yclins or CDK-inhibitor proteins, and a novel mechanism
f p130-mediated CDK regulation has recently been de-
cribed in p21waf1/cip1/p27Kip1-deficient mouse embryonic fi-
roblasts (Coats et al., 1999).
It is well established that vertebrate retinal progenitors
re multipotent (Holt et al., 1988; Turner and Cepko, 1987;
urner et al., 1990; Wetts and Fraser, 1988), and this
roperty is maintained late in histogenesis (Turner and
epko, 1987). We show that the progeny of persistent
rogenitor cells in the p27Kip1-deficient retina express mark-
s of reproduction in any form reserved.
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312 Levine et al.ers of photoreceptors and Mu¨ller glia. Therefore, it is likely
that the persistent progenitors in p27Kip1-deficient retinas
are multipotent and that p27Kip1 is not required for cell fate
specification or for the onset of differentiation, but rather to
regulate the numbers of progenitors that generate these cell
types. Since we did not observe a change in the ratios or
distributions of the retinal cell types, it is possible that only
a very small number of progenitor cells require p27Kip1, as
proposed above, or that each cell class is affected equally.
Taken together, our results suggest that p27Kip1 function is
ot necessary for the precise ratios of cell classes generated
uring histogenesis. This is in marked contrast to the
bservations of Ohnuma and colleagues (1999) based on
27Xic1 overexpression and antisense experiments in Xeno-
us. With respect to the overexpression experiments, they
ound that p27Xic1 overexpression promoted the cell fate of
Mu¨ller glia. It is possible that p27Kip1 overexpression in rat
retinal cells also promoted the Mu¨ller glia fate; however,
more than 24 h may have been necessary to allow p27Kip1-
overexpressing progenitors to adopt a Mu¨ller glial morphol-
ogy. Second, since the level of p27Xic1 expression was
proposed to be a critical determinant of its ability to
promote the Mu¨ller glial fate, it is possible that in our
experiments, the level of p27Kip1 overexpression was not
sufficient either in quantity or time to have this effect. An
intriguing difference between the two studies is the effects
of p27Kip1 and p27Xic1 deficiencies on the cell type ratios in
he mouse and Xenopus retinas, respectively. Whereas we
ound no difference in the ratios of retinal cell types in the
27Kip1-knockout mouse, Ohnuma and colleagues observed
a significant decrease in the percentages of ganglion cells
and Mu¨ller glia in the Xenopus retina forced to express an
antisense construct of p27Xic1. One possible explanation for
the different findings between the two studies is based on
our observation that a proportion of the Mu¨ller glia in
p27Kip1-knockout had unusual morphology and did not
reside in their normal location. Since the percentage of
Mu¨ller glia was determined by morphology and position in
the Xenopus antisense experiments, it is possible that the
normal complement of Mu¨ller glia was generated, but some
cells were not counted due to their aberrant morphology
and location. A second possibility is that there may be
fundamental differences in some of the molecular mecha-
nisms that regulate cell number and fate in species which
undergo a rapid versus a protracted developmental period
(frogs and fish versus mammals). Further identification and
functional analysis of the molecules that regulate these
processes are clearly necessary to address this issue.
We found that p27Kip1 has an important function in the
u¨ller glia phenotype. As early as P15, p27Kip1-deficient Mu¨l-
er glia expressed GFAP, typically present only in reactive
u¨ller glia (Humphrey et al., 1997). Reactive glia are associ-
ted with many pathological conditions that lead to glial
ypertrophy and hyperproliferation and neuronal degenera-
ion (reviewed in Malhotra et al., 1990; Ridet et al., 1997).
lthough we cannot rule out that the extracellular environ-
ent is not perturbed in the p27Kip1-deficient retina, the
Copyright © 2000 by Academic Press. All rightobservation that p27Kip1 expression is maintained in adult
ild-type and p27Kip1-hemizygous Mu¨ller glia suggests that
p27Kip1 has a function in the inhibition of the reactive phenotype.
Nakayama and colleagues (1996) proposed that the retinal
ysplasia they observed was due to excess photoreceptor
roduction and that p27Kip1 had an intrinsic function in
hese cells. Our findings agree with their suggestion that
upernumerary photoreceptors are produced. However, the
ata we present on the p27Kip1 expression pattern in the
dult, as well as the immunohistochemical analysis of the
ysplasia, suggest that the Mu¨ller glia are primarily affected
nd that disruption of the outer segment layer and the
bnormal ERG may be due to glial migration into the outer
egment layer and disruption of the external limiting mem-
rane.
It is interesting to note that perturbations in p27Kip1 and
yclin D1 can have serious consequences on the mature
etina that may be independent of histogenesis. Lack of
27Kip1 predisposes Mu¨ller glia to a reactive state (this
aper), and cyclin D1 deficiency causes a unique form of
hotoreceptor degeneration (Ma et al., 1998). Furthermore,
antigen expression driven by the rhodopsin promoter in
ods also causes severe photoreceptor degeneration (al-
baidi et al., 1992), possibly by interfering with Rb activity.
hile these effects may reflect differentiation requirements
or these proteins, these models could provide new strate-
ies for understanding the pathologies that arise from
nherited retinal diseases.
ACKNOWLEDGMENTS
We thank Jim Roberts and Sabine Fuhrmann for critical com-
ments on the manuscript and all of the members of the Reh
laboratory for advice and discussion throughout this study. We also
thank Tony Frankfurter, Jim Hurley, Tom Jessell, Jack Saari, Dave
Turner, Eric Turner, and David Underhill for providing reagents.
This work was supported by National Institutes of Health Grant
RO1 NS28308 to T.A.R. E.M.L. was supported by National Re-
search Service Award EY66056.
REFERENCES
al-Ubaidi, M. R., Hollyfield, J. G., Overbeek, P. A., and Baehr, W.
(1992). Photoreceptor degeneration induced by the expression of
simian virus 40 large tumor antigen in the retina of transgenic
mice. Proc. Natl. Acad. Sci. USA 89, 1194–1198.
Anchan, R. M., and Reh, T. A. (1995). Transforming growth
factor-beta-3 is mitogenic for rat retinal progenitor cells in vitro.
J. Neurobiol. 28, 133–145.
Anchan, R. M., Reh, T. A., Angello, J., Balliet, A., and Walker, M.
(1991). EGF and TGF-alpha stimulate retinal neuroepithelial cell
proliferation in vitro. Neuron 6, 923–936.
Arnold, D., Feng, L., Kim, J., and Heintz, N. (1994). A strategy for
the analysis of gene expression during neural development. Proc.
Natl. Acad. Sci. USA 91, 9970–9974.Casaccia-Bonnefil, P., Tikoo, R., Kiyokawa, H., Friedrich, V., Jr.,
Chao, M. V., and Koff, A. (1997). Oligodendrocyte precursor
s of reproduction in any form reserved.
T313p27Kip1 in Mammalian Retinadifferentiation is perturbed in the absence of the cyclin-
dependent kinase inhibitor p27Kip1. Genes Dev. 11, 2335–2346.
Chen, P., and Segil, N. (1999). p27(Kip1) links cell proliferation to
morphogenesis in the developing organ of Corti. Development
126, 1581–1590.
Cheng, M., Olivier, P., Diehl, J. A., Fero, M., Roussel, M. F.,
Roberts, J. M., and Sherr, C. J. (1999). The p21(Cip1) and
p27(Kip1) CDK ‘inhibitors’ are essential activators of cyclin
D-dependent kinases in murine fibroblasts. EMBO J. 18, 1571–
1583.
Chow, L., Levine, E. M., and Reh, T. A. (1998). The nuclear
receptor transcription factor, retinoid-related orphan receptor
beta, regulates retinal progenitor proliferation. Mech. Dev. 77,
149 –164.
Coats, S., Whyte, P., Fero, M. L., Lacy, S., Chung, G., Randel, E.,
Firpo, E., and Roberts, J. M. (1999). A new pathway for mitogen-
dependent cdk2 regulation uncovered in p27(Kip1)-deficient
cells. Curr. Biol. 9, 163–173.
Conlon, I., and Raff, M. (1999). Size control in animal development.
Cell 96, 235–244.
de Nooij, J. C., Letendre, M. A., and Hariharan, I. K. (1996). A
cyclin-dependent kinase inhibitor, Dacapo, is necessary for
timely exit from the cell cycle during Drosophila embryogenesis.
Cell 87, 1237–1247.
Durand, B., Fero, M. L., Roberts, J. M., and Raff, M. C. (1998).
p27Kip1 alters the response of cells to mitogen and is part of a
cell-intrinsic timer that arrests the cell cycle and initiates
differentiation. Curr. Biol. 8, 431–440.
Durand, B., Gao, F. B., and Raff, M. (1997). Accumulation of the
cyclin-dependent kinase inhibitor p27/Kip1 and the timing of
oligodendrocyte differentiation. EMBO J. 16, 306–317.
Edlund, T., and Jessell, T. M. (1999). Progression from extrinsic to
intrinsic signaling in cell fate specification: A view from the
nervous system. Cell 96, 211–224.
Fero, M. L., Rivkin, M., Tasch, M., Porter, P., Carow, C. E., Firpo,
E., Polyak, K., Tsai, L. H., Broudy, V., Perlmutter, R. M.,
Kaushansky, K., and Roberts, J. M. (1996). A syndrome of
multiorgan hyperplasia with features of gigantism, tumorigen-
esis, and female sterility in p27(Kip1)-deficient mice. Cell 85,
733–744.
Friessen, A. J., Miskimins, W. K., and Miskimins, R. (1997).
Cyclin-dependent kinase inhibitor p27kip1 is expressed at high
levels in cells that express a myelinating phenotype. J. Neurosci.
Res. 50, 373–382.
Holt, C. E., Bertsch, T. W., Ellis, H. M., and Harris, W. A. (1988).
Cellular determination in the Xenopus retina is independent of
lineage and birth date. Neuron 1, 15–26.
Hong, Y., Roy, R., and Ambros, V. (1998). Developmental regula-
tion of a cyclin-dependent kinase inhibitor controls postembry-
onic cell cycle progression in Caenorhabditis elegans. Develop-
ment 125, 3585–3597.
Humphrey, M. F., Chu, Y., Mann, K., and Rakoczy, P. (1997).
Retinal GFAP and bFGF expression after multiple argon laser
photocoagulation injuries assessed by both immunoreactivity
and mRNA levels. Exp. Eye Res. 64, 361–369.
Kiyokawa, H., Kineman, R. D., Manova-Todorova, K. O., Soares,
V. C., Hoffman, E. S., Ono, M., Khanam, D., Hayday, A. C.,
Frohman, L. A., and Koff, A. (1996). Enhanced growth of mice
lacking the cyclin-dependent kinase inhibitor function of
p27(Kip1). Cell 85, 721–732.
Copyright © 2000 by Academic Press. All rightLane, M. E., Sauer, K., Wallace, K., Jan, Y. N., Lehner, C. F., and
Vaessin, H. (1996). Dacapo, a cyclin-dependent kinase inhibitor,
stops cell proliferation during Drosophila development. Cell 87,
1225–1235.
Lee, M. H., Nikolic, M., Baptista, C. A., Lai, E., Tsai, L. H., and
Massague, J. (1996). The brain-specific activator p35 allows Cdk5
to escape inhibition by p27Kip1 in neurons. Proc. Natl. Acad.
Sci. USA 93, 3259–3263.
Lillien, L., and Cepko, C. (1992). Control of proliferation in the
retina: Temporal changes in responsiveness to FGF and TGF
alpha. Development 115, 253–266.
Lillien, L., and Wancio, D. (1998). Changes in epidermal growth
factor receptor expression and competence to generate glia regu-
late timing and choice of differentiation in the retina. Mol. Cell.
Neurosci. 10, 296–308.
Lowenheim, H., Furness, D. N., Kil, J., Zinn, C., Gultig, K., Fero,
M. L., Frost, D., Gummer, A. W., Roberts, J. M., Rubel, E. W.,
Hackney, C. M., and Zenner, H. P. (1999). Gene disruption of
p27(Kip1) allows cell proliferation in the postnatal and adult
organ of Corti. Proc. Natl. Acad. Sci. USA 96, 4084–4088.
Ma, C., Papermaster, D., and Cepko, C. L. (1998). A unique pattern
of photoreceptor degeneration in cyclin D1 mutant mice. Proc.
Natl. Acad. Sci. USA 95, 9938–9943.
Malhotra, S. K., Shnitka, T. K., and Elbrink, J. (1990). Reactive
astrocytes—A review. Cytobios 61, 133–160.
Nakayama, K., Ishida, N., Shirane, M., Inomata, A., Inoue, T.,
Shishido, N., Horii, I., and Loh, D. Y. (1996). Mice lacking
p27(Kip1) display increased body size, multiple organ hyperpla-
sia, retinal dysplasia, and pituitary tumors. Cell 85, 707–720.
Ohnuma, S., Philpott, A., Wang, K., Holt, C. E., and Harris, W. A.
(1999). p27Xic1, a Cdk inhibitor, promotes the determination of
glial cells in Xenopus retina. Cell 99, 499–510.
Reh, T. A. (1987). Cell-specific regulation of neuronal production in
the larval frog retina. J. Neurosci. 7, 3317–3324.
Reh, T. A. (1991). Determination of cell fate during retinal histo-
genesis: Intrinsic and extrinsic mechanisms. In “Development of
the Visual System” (M.-K. Lam and C. J. Shatz, Eds.), pp. 79–94.
MIT Press, Cambridge, MA.
Reh, T. A. (1992). Cellular interactions determine neuronal pheno-
types in rodent retinal cultures. J. Neurobiol. 23, 1067–1083.
Reh, T. A., and Levine, E. M. (1998). Multipotential stem cells and
progenitors in the vertebrate retina. J. Neurobiol. 36, 206–220.
Ridet, J. L., Malhotra, S. K., Privat, A., and Gage, F. H. (1997).
Reactive astrocytes: Cellular and molecular cues to biological
function. Trends Neurosci. 20, 570–577. [Published erratum
appears in Trends Neurosci., 1998, 21, 80]
Sidman, R. L. (1961). Histogenesis of mouse retina studies with
[3H]thymidine. In “The Structure of the Eye” (G. Smelser, Ed.).
Academic Press, New York.
ikoo, R., Casaccia-Bonnefil, P., Chao, M. V., and Koff, A. (1997).
Changes in cyclin-dependent kinase 2 and p27kip1 accompany
glial cell differentiation of central glia-4 cells. J. Biol. Chem. 272,
442–447.
Tikoo, R., Osterhout, D. J., Casaccia-Bonnefil, P., Seth, P., Koff, A.,
and Chao, M. V. (1998). Ectopic expression of p27Kip1 in oligo-
dendrocyte progenitor cells results in cell-cycle growth arrest.
J. Neurobiol. 36, 431–440.
Turner, D. L., and Cepko, C. L. (1987). A common progenitor for
neurons and glia persists in rat retina late in development.
Nature 328, 131–136.
s of reproduction in any form reserved.
314 Levine et al.Turner, D. L., Snyder, E. Y., and Cepko, C. L. (1990). Lineage-
independent determination of cell type in the embryonic mouse
retina. Neuron 4, 833–845.
van Lookeren Campagne, M., and Gill, R. (1998). Tumor-
suppressor p53 is expressed in proliferating and newly formed
neurons of the embryonic and postnatal rat brain: Comparison
with expression of the cell cycle regulators p21(Waf1/Cip1),
p27(Kip1), p57(Kip2), p16(Ink4a), cyclin G1, and the proto-
oncogene Bax. J. Comp. Neurol. 397, 181–198.
Watanabe, G., Pena, P., Shambaugh, G. E., 3rd, Haines, G. K., 3rd,
and Pestell, R. G. (1998). Regulation of cyclin dependent kinase
inhibitor proteins during neonatal cerebella development. Brain
Res. Dev. Brain Res. 108, 77–87.
Wetts, R., and Fraser, S. E. (1988). Multipotent precursors can give
rise to all major cell types of the frog retina. Science 239,
1142–1145.Young, R. W. (1985a). Cell differentiation in the retina of the
mouse. Anat. Rec. 212, 199–205.
Copyright © 2000 by Academic Press. All rightYoung, R. W. (1985b). Cell proliferation during postnatal devel-
opment of the retina in the mouse. Brain Res. 353, 229 –
239.
Zhang, P., Wong, C., DePinho, R. A., Harper, J. W., and Elledge, S. J.
(1998). Cooperation between the Cdk inhibitors p27(KIP1) and
p57(KIP2) in the control of tissue growth and development.
Genes Dev. 12, 3162–3167.
Zhang, P., Wong, C., Liu, D., Finegold, M., Harper, J. W.,
and Elledge, S. J. (1999). p21(CIP1) and p57(KIP2) control
muscle differentiation at the myogenin step. Genes Dev. 13,
213–224.
Zuber, M. E., Perron, M., Philpott, A., Bang, A., and Harris, W. A.
(1999). Giant eyes in Xenopus laevis by overexpression of
XOptx2. Cell 98, 341–352.
Received for publication August 30, 1999
Revised January 7, 2000
Accepted January 7, 2000
s of reproduction in any form reserved.
